We introduce a new approach for achieving diversity in spread spectrum communications over fast-fading multipath channels. The conventional RAKE receiver is inadequate in fast-fading situations because it assumes slow channel variations over time. Even though the performance of the RAKE receiver substantially degrades in such scenarios, we show that the Doppler induced by rapid channel variations in fact provides another means for diversity that can be further exploited to combat fading. We develop the concept of Doppler diversity and propose a framework that exploits joint multipath-Doppler diversity in an optimal fashion. The framework is applicable in several mobile wireless multiple access systems, and can provide substantial performance improvement over the conventional RAKE receiver.
Introduction
Multipath fading caused by channel dynamics is a major problem in the design of wireless communication systems. It is caused by the re ection of the signal from multiple scatterers and also due to the motion of mobile receivers and transmitters. Given xed signal power, multipath fading substantially degrades the receiver performance, and various diversity techniques are employed in practice to overcome fading 1]. Code-division multiple access (CDMA) systems with spread-spectrum signaling waveforms have a large time-bandwidth product (TBP) that a ords them a distinct advantage for combating fading over other systems such as time-division or frequency division multiple access systems. The state-of-the-art in CDMA systems is the RAKE receiver that exploits the large bandwidth of the signaling waveforms to achieve multipath diversity 1]. However, the RAKE only exploits the bandwidth and not the large TBP. In this paper, we propose a framework that fully exploits the large TBP inherent in CDMA systems to achieve maximum diversity, thereby providing substantial performance gains over the conventional RAKE receiver.
The conventional RAKE receiver is adequate only for slow fading situations in which the channel characteristics vary slowly over time. However, in many mobile communication scenarios, temporal channel variations often become signi cant and must be taken into account 2]. For example, such rapid channel variations are encountered in intersatellite and underwater acoustic communication systems 3, 4, 5] . Multicarrier CDMA systems involve lower data rates in which intrasymbol channel variations can become signi cant (see, for example, 6]). Similarly, the techniques proposed in 7] suggest spreading codes that are much longer than the intersymbol period, thereby necessitating signi cant channel variations within the e ective symbol period. The RAKE receiver is suboptimal in such fast fading situations and can su er from substantial degradation in performance 2]. Noncoherent RAKE receiver is often used in practice, at the expense of a 3dB loss in performance, to provide robustness to the Doppler shifts induced by the temporal channel variations.
The new framework proposed in this paper e ectively exploits rapid channel variations for improved performance in CDMA systems. Even though the performance of the conven-tional RAKE receiver degrades in such situations, we show that the Doppler induced by rapid channel variations in fact provides another means for diversity that can be exploited to combat fading. We introduce the concept of Doppler diversity and develop a framework that exploits joint multipath-Doppler diversity in an optimal fashion. At the heart of the framework are time-frequency representations (TFRs) which are powerful tools for time-varying signal processing 8], and provide a natural setting for joint multipath-Doppler processing. We derive optimal TFR-based detector structures encompassing both coherent and noncoherent reception. The framework is potentially applicable in several multiple access mobile wireless communication systems, and can provide substantial improvement over the conventional RAKE receiver.
We introduce the relevant concepts about TFRs in the next section, and Section 3 describes the time-varying channel and signal models that we use in this paper. Section 4 brie y reviews the e ects of fading caused by the channel, and the concept of diversity techniques that are used for combating fading. In Section 5, we develop the time-frequencybased framework for exploiting joint multipath-Doppler diversity. We derive optimal TFRbased detector structures and demonstrate the substantial potential gains achievable with such receivers. Section 6 concludes the paper with a summary and comments about possible extensions.
Time-Frequency Preliminaries
TFRs are powerful tools for representing time-varying signals and systems. They are 2D signal representations jointly parameterized by both time and frequency. As we will see, TFRs are ideally suited for processing signals transmitted over the inherently time-varying mobile wireless channel.
The concepts of time and frequency shifts play a fundamental role in the theory of TFRs and we will use them throughout the paper. We will denote time and frequency shifts by operators T and F , respectively, de ned as (T s)(t) def = s(t ? ) ; (F s)(t) def = s(t)e j2 t (1) where the parameter denotes the value of the time-shift, and denotes the value of the frequency-shift introduced in the signal. 
Channel and Signal Models
In this section, we develop the relevant channel and signal models that will be used in the rest of the paper. Recall that we will be developing our framework in the context of CDMA systems. Since our focus is on the e ects of the channel, we restrict our discussion to the single-user case, binary signaling, negligible intersymbol interference, and perfect synchronization.
The baseband transmitted signal x(t) can be represented as
where T is the symbol period, q p (t) is the information bearing symbol waveform, q p (t) 2 fq 
where v(t) = I 0;Tc) (t), the chip waveform, T c is the chip interval, I a;b) (t) is the indicator function of a; b), T = PT c , and c m (n) is the spreading code corresponding to q m (t) 1]. The parameter P 1 is called the spreading gain of the spread-spectrum system. The baseband signal r(t) at the receiver is given by (see Figure 1 )
where the channel is described by the kernel h(t; ) which corresponds to a time-varying linear system 9], and n(t) is zero-mean, complex, circular (bandlimited) white Gaussian noise with power spectral density N 0 . An equivalent representation of the channel which is central to our discussion is in terms of the spreading function de ned as H( ; ) def = Z h(t; )e ?j2 t dt : (8) The corresponding representation of s(t) is
and thus corresponds to the Doppler shifts introduced by the channel (temporal variations), and corresponds to the multipath delays. The spreading function H( ; ) quanti es the time-frequency spreading produced by the channel. The time-variant channel impulse response h(t; ) is best modeled as a stochastic process and a realistic model in many situations is the wide-sense stationary uncorrelated scatterer (WSSUS) model 1, 9] in which the temporal variations in h(t; ) are represented as a stationary Gaussian process, and the channel responses at di erent lags (di erent scatterers) are uncorrelated (independent). Thus, the channel is characterized by second-order statistics which are given in the ( ; ) domain by Under our assumption of negligible intersymbol interference (T m T), the \one-shot detector" su ces which decodes each symbol independently; that is, the p-th symbol is decoded using r(t); (p ? 1)T t < pT, only. Thus, without loss of generality, we base our discussion on the p = 0 symbol: r(t) = s(t) + n(t) ; t 2 0; T) (12) where
4 Fading and Diversity
The degradation caused by the stochastic channel can be appreciated by considering the simple case of Rayleigh fading in which the channel has no dynamics within a symbol period; that is, H( ; ) = ( ) ( ) in (14) , where is a zero-mean Gaussian random variable with unit variance, and r(t) = q(t) + n(t) : 
Similarly, for noncoherent reception using orthogonal signaling, in which is assumed to be unknown, the test statistic is given by 1]
The two illustrative cases are when the channel ( ) is stochastic (fading) versus when the channel is deterministic (nonfading). Figure 3 compares the probabilities of error for fading (L = 1 dashed curve in the gure) and nonfading channels using coherent antipodal signaling 1]. The substantial degradation in performance caused by fading in the case of the stochastic channel is quite evident. Diversity techniques are often employed to combat the e ects of fading 1]. The basic idea is to transmit the signal over L independent fading channels so that the likelihood of at least one channel having a relatively high SNR is improved. Diversity is achieved by sending L signaling waveforms, u m 1 (t); u m 2 (t); ; u m L (t); m = 0; 1, over L independent channels ( l ). The L received waveforms are given by r l (t) = l u m l (t) + n l (t) ; l = 1; 2 L (19) which are combined at the receiver to decode the symbol (see Figure 2 ). The decision statistics of the optimal maximal ratio combiner for coherent and noncoherent (orthogonal 
The performance improvement due to diversity signaling is illustrated in Figure 3 for the case of coherent antipodal signaling. It is evident that performance improves monotonically as the number of diversity channels increases. In fact, it can be shown that for coherent processing, as the number of diversity channels approaches in nity, the combined independent fading channels become equivalent to a deterministic (nonfading) AWGN channel 10]. Thus, for coherent signaling, the larger the number of diversity channels the better the performance. However, for noncoherent signaling, this is not the case 1]. In this case, P e rst decreases as a function of L and then starts increasing again. 
Joint Multipath-Doppler Diversity
Many di erent types of diversity techniques are used in practice. Some examples include antenna diversity, time diversity, frequency diversity and polarization diversity 1, 2]. In this section, we develop a new framework that exploits both the multipath (time) and Doppler (frequency) shifts induced by the channel to achieve diversity. The large TBP of spreadspectrum signals makes it possible and our methodology fully exploits it. The resulting timefrequency receiver structures are based on the STFT that was introduced in Section 2. As we will see, a special case of our time-frequency receivers is the conventional RAKE receiver that exploits multipath diversity but ignores Doppler e ects. Our framework clearly shows the mechanism, namely Doppler diversity, by which the proposed time-frequency receivers outperform the conventional RAKE receiver. Doppler diversity by itself can be exploited by the \Doppler RAKE receiver" which is another special case of the time-frequency receivers.
Multipath-Doppler Diversity Signaling
Recall from (14) that the received signal consists of a linear combination of a continuum of time-shifted (multipath) and frequency-shifted (Doppler) copies of the transmitted signal.
Under the WSSUS channel model, the weights H( ; ) of the various multipath-Doppler signal components are independent Gaussian random variables. o from being orthogonal. However, by virtue of the correlation properties of spreading codes, if we appropriately sample the ( ; ) plane, we can obtain a nite set of roughly orthogonal signaling waveforms to achieve diversity signaling. The following result describes the requisite multipath-Doppler sampling and the corresponding signal representation that plays a fundamental role in our framework.
Theorem. If the multipath spread is greater than or equal to the chip period, T m T c , and the Doppler spread is greater than or equal to the symbol rate, B d 1=T, then the received signal s(t) in (14) admits the nite-dimensional representation The approximate orthogonality of fu k;n (t)g is illustrated in Figure 4 of a direct sequence spread-spectrum waveform generated from a length 31 M-sequence 1]. The representation (22) also shows that the dimensionality of the signal increases from 1 to N K as it passes through the channel: In Figure 4 (a), the transmitted signal corresponds to the ( ; ) = (0; 0) sample. The increased dimensionality e ectively translates into diversity.
Optimal STFT-Based Detector Structures
The signal representation (22) clearly identi es the matched lter waveforms needed to extract the independent multipath-Doppler components to achieve diversity: u m k;n (t) def = Fk T T nTc q m (t) = q m (t ? nT c )e j 2 kt T ; k = 0; 1; ; K ? 1 ; n = 0; 1; ; N ? 1 :
Recalling the de nition of the STFT in (2), we note that the matched lter outputs can be precisely computed via sampled STFTs; that is, the su cient statistics are given by D r; u m k;n E def = STFT r k T ; nT c ; q m ! : (27) Figure 5 illustrates the implementation of the sampled STFT via a bank of identical matched lters determined by the signaling waveforms. We now describe the optimal detector structures in our framework for both coherent and noncoherent processing. The detectors are based on the STFT-based formulation (27) of the matched lters.
Coherent Processing
If exact samples of the spreading function c H(k=T; nT c ) are available, such as through a pilotbased channel estimation, coherent processing can be used. The optimal test statistic, which is applicable to both antipodal or orthogonal signaling, is given by 
where the u k;n (t)'s are de ned in (26). Figure 6 illustrates the detector structure for coherent processing.
Noncoherent (Quadratic) Processing
If the actual values of the spreading function are not available, noncoherent processing can be used. If the second-order channel statistics ( ( ; )) are known, the optimal noncoherent (quadratic) test statistic can be used which is given by Z Q = sgn N?1 X 
If the channel statistics are not known, the equal-gain noncoherent combiner can be used which assumes uniform power in the di erent multipath-Doppler components; that is, b ( ; ) = 1.
3 Figure 7 illustrates the quadratic detector structure which is, of course, only applicable with orthogonal signaling.
Remarks on Optimality
Both the coherent (Z C ) and quadratic (Z Q ) detectors are optimal in the sense of minimum probability of error | they assume di erent amount of information about the channel. Z C requires knowledge of the actual channel coe cients, whereas Z Q only requires knowledge of the second-order statistics. With exact knowledge of the channel coe cients, Z C would obviously perform better than Z Q . However, in practice the channel has to be estimated, such as through a pilot transmission. If the channel coe cients are estimated from the received waveform r(t), it can be shown that the corresponding Z C cannot outperform Z Q . This is related to the estimator-correlator interpretation of Z Q . 4 However, if the channel is estimated from a pilot transmission at a higher SNR compared to r(t), then Z C can perform better than Z Q .
Special Cases
There are two important special cases of the proposed time-frequency receivers. One is the conventional RAKE receiver, and the other is a new receiver structure for exploiting Doppler diversity which we refer to as the \Doppler RAKE receiver."
RAKE receiver
RAKE receiver is the state-of-the-art in CDMA systems and exploits multipath diversity. In terms of Figure 4(a) , the RAKE receiver corresponds to the samples on the multipath axis; that is, the diversity channels are obtained by sampling the multipath axis only. Note that the RAKE receiver corresponds to N-point diversity as opposed to the N K-point diversity of the time-frequency receiver.
The RAKE receiver is optimal for slow-fading (B d < 1=T), frequency-selective (T m T c ) scenarios and e ectively assumes a time-invariant channel model; that is, it ignores the 
where b g(t) is a bandlimited approximation of g(t) (see the proof of the Theorem). The RAKE decision statistics are given by (28) and (29) by setting K = 1.
Doppler RAKE Receiver
The Doppler RAKE receiver is the dual of the conventional RAKE receiver in that it ignores multipath but exploits the Doppler shifts to achieve diversity. In the context of Figure 4(a) , the Doppler RAKE receiver corresponds to the samples on the Doppler axis (K-point diversity).
The Doppler RAKE receiver is optimal for fast-fading (B d 1=T), frequency-nonselective (T m < T c ) scenarios and e ectively assumes the signal model
That is, it assumes negligible multipath spread and a Doppler spread that is comparable to the symbol rate. Doppler diversity is achieved by resolving the received signal into K = dB d Te independent Doppler-shifted components
The Doppler RAKE decision statistics are given by (28) and (29) by setting N = 1.
Discussion and Applications
The key idea in our time-frequency-based framework is that Doppler exists and should be exploited in conjunction with multipath to achieve maximum diversity. The conventional RAKE receiver achieves N-point diversity by resolving independent time-shifted (multipath) signal components. The time-frequency receivers that we are proposing achieve N K-point diversity by resolving independent time-frequency shifted (multipath-Doppler) signal components. The higher level of diversity achieved by the time-frequency receivers translates into substantial performance gains relative to the conventional RAKE receiver as demonstrated in Section 5.5. The improved performance of the time-frequency receivers crucially depends on their ability to resolve independent Doppler-shifted signal components. As stated in the Theorem, the condition for achieving Doppler diversity is that the Doppler spread be greater than or equal to the symbol rate: B d 1=T. This condition can be relaxed to B d T e where T e is the \e ective processing time." The basic idea is that Doppler is exploitable over su ciently long T e . Clearly, the longer the e ective processing time T e the better. We now brie y discuss some scenarios which are potential candidates for joint multipath-Doppler diversity.
In certain situations, symbols may be decoded in blocks. In such cases, T e corresponds to the block length because some form of sequence decoding may be employed to decode the block of symbols jointly. Equivalently, it may be viewed as an M-ary signaling problem because a sequence of R binary symbols can take on M = 2 R distinct values and the signaling waveforms correspond to the M distinct concatenations of the original waveforms q 1 (t) and q 0 (t).
One example of such a scenario is the interim standard IS-95 which uses a block-size of 20ms for the purpose of interleaving 2]. This translates to an e ective processing rate of 50Hz, whereas a Doppler spread of 60-180Hz can be encountered for relative vehicle speeds around 40-60mph. This suggests the possibility for exploiting Doppler diversity (K = 2 or 3) via some form of sequence decoding over the block.
Successive symbols need not be transmitted over disjoint time intervals. By overlapping symbols in time, long symbol waveforms may be transmitted while still keeping the symbol rate at a xed value. In such situations, T e corresponds to length of the symbol waveform, whereas T corresponds to the delay between the starting times of successive symbols. Clearly, T e can be substantially larger than T at the expense of introducing controlled intersymbol interference.
One technique based on overlapping codes is proposed in 7] in which very long codes are used so that the receiver e ectively \sees" average channel characteristics. Consequently, the Doppler spread can be substantially larger than the e ective processing rate determined by the length of the codes. Thus, the techniques proposed in this paper are directly applicable in the systems proposed in 7] .
Su ciently low data rates (relative to the carrier frequency), such as those encountered in underwater acoustic communications, also facilitate the exploitation of Doppler diversity. Similarly, in schemes such as multicarrier CDMA 6] , the data are sent at lower rates over parallel channels to reduce intersymbol interference, making Doppler diversity more feasible.
Unlike multipath diversity, Doppler diversity does not depend on the correlation properties of the spread-spectrum waveforms. Thus, Doppler diversity may also be exploitable in other scenarios, such as FDMA systems, with a large e ective processing time.
Performance Gains
In this section, we demonstrate the potential performance gains of the proposed timefrequency receivers relative to the conventional RAKE receiver. We assume that N = 2 and K = 2; that is, one multipath component and one Doppler component are resolvable | all components are assumed to have the same power. Thus, the conventional RAKE corresponds to 2-point diversity, whereas the time-frequency RAKE corresponds to 4-point diversity. We compare the performance for both coherent and noncoherent detection using orthogonal signaling. The results are summarized in Figures 8 and 9 which show the bit error probability (P e ) as a function of SNR for the two receivers. The theoretical curves are based on the following expression for probability of bit error 1, pp. 781{782] 
where L is the number of diversity components and c = b =L is the SNR in each diversity component ( b is the SNR per bit). The simulation results are based on 100000 independent experiments that use signaling waveforms based on length-31 M-sequences waveforms.
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Figures 8 and 9 clearly show the substantial performance gains achievable with joint timefrequency processing. For example, at P e 10 ?4 , Figure 8 shows a 6dB gain in the case of coherent processing, and Figure 9 show a 5dB gain with noncoherent processing. Thus, for achieving a xed bit error probability of 10 ?4 , the transmitted power can be reduced by more than a factor of 4 in the case of time-frequency detectors relative to the conventional RAKE.
Conclusions
The signaling waveforms used in CDMA systems have an inherently large TBP that can be exploited for combating the e ects of fading channels. This is a major advantage of CDMA over other multiple access techniques such as time-division or frequency-division multiple access. However, the conventional RAKE receiver only partly exploits the TBP to achieve multipath diversity. The new time-frequency framework proposed in this paper exploits the TBP fully by exploiting joint multipath-Doppler diversity. Unlike conventional receivers that treat Doppler as a nuisance, our framework demonstrates that Doppler is in fact another dimension for diversity that can and should be exploited to combat fading. The resulting time-frequency receivers exploit joint multipath-Doppler diversity in an optimal fashion and can potentially provide substantial gains in performance. For example, a single resolvable Doppler component can double the level of diversity achievable through the conventional RAKE receiver. For two multipath components, this translates into a 5-6dB SNR improvement at Pe 10 ?4 , as evident from Figures 8 and 9 . In this paper, for the sake of simplicity, we assumed perfect synchronization between the transmitter and receiver, and negligible intersymbol interference. However, both of these issues can be addressed in the proposed framework. In particular, the structure of TFR-based detectors is naturally suited for addressing the synchronization problem 11]. For intersymbol interference, decision feedback equalization can be incorporated in the formulation.
Our framework can also be extended to account for multiple users. One approach would be to apply the proposed receivers directly, treating the signals due to other users as noise. However, that approach su ers from the well-known near-far problem. Near-far resistant extensions based on multiuser detection are also possible and some preliminary results are presented in 12] .
Finally, the proposed receivers can be used to develop algorithms with the ability of tracking slow changes in the statistics of the channel as well 6 . Thus, our framework also presents an alternative to Kalman lter-based algorithms proposed in 13, 3, 4, 14] .
Since Q(f) is approximately bandlimited to jfj W 
For n = 0, the right-hand-side is equal to P P?1 l=0 e ?j 2 kl P = P k . For n 6 = 0, note that the variation in the exponential on the right-hand-side of (47) 
which shows that for n 6 = 0 the orthogonality of the u k;n (t)'s is primarily due to the orthogonality properties of spreading codes, which can be improved arbitrarily by increasing the length of the codes. 2
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